Background
In recent years some advances have been made in the methods of investigation of the molecular background of canine heart disease. The etiopathogenesis of one of the most frequent heart diseases, myxomatous valve disease, in dogs may be different compared to humans although some similarities have been noted [1] . Some research has been conducted to identify specific genes which, when pathologically expressed, could lead to the dysfunction of the canine heart or are correlated with heart failure. For this purpose genome wide microarray experiments on tissues from failing hearts have been performed. Their results revealed that expression of some genes differ between tissue samples from failing hearts and healthy hearts, including: the matrix metalloproteinases and their tissue inhibitors (mainly MMP9, MMP1, MMP2, TIMP1, TIMP3) as well as genes involved in Ca 2+ handling in cardiomyocytes, e.g. genes encoding the components of the cardiac ryanodyne receptor (RyR2) [2] [3] [4] [5] [6] . Other examples of differentially expressed genes are TGF-β (TGF-βR2, TGF-βR3) and serotonin receptors (5HT-R2B) [2] . The genome pattern of heart tissues from dogs suffering from heart failure were also investigated with the Real-time PCR method and the level of proteins encoded by differentially expressed genes was examined by immunohistochemical techniques. These findings gave similar results and pointed out different expression of extracellular matrix (ECM) genes, TGF-β receptors and thyroid hormone receptors (TRβ1 and TRβ2) in failing hearts compared to healthy control tissues [7] [8] [9] [10] [11] [12] .
The most important obstacle of the mentioned types of studies is access to diagnostic material. That is why researchers are attempting to investigate gene expression of peripheral blood nuclear cells taken from patients with cardiac disease. Blood nuclear cells are not a perfect source of diagnostic material in patients with heart failure but easy access makes them a very interesting source of potential disease markers. It has turned out that identification of such markers is possible since Wang et al. described the prognostic value of B-natriuretic peptide (BNP) in humans [13] . The results of a few studies suggest that expression of Na + −Ca2+ exchanger (NCX-1) gene in peripheral blood nuclear cells could have prognostic or diagnostic value [14, 15] . The other genes proposed as genomic markers in dogs are phospholamban (PLN) and haematopoietic lineage cell-specific protein 1 associated protein X-1 (HAX-1). Fonfara et al. also pointed out that the blood cells of dogs with heart failure could be appropriate material for searching for genomic markers. Their results showed increased levels of proinflammatory cytokines (Il-1, −2, −8, INF), MMP-1, MMP-3 and TIMP-3 and decreased levels of TNF-10, Il-10, TGF-b1, TIMP-1 and TIMP-2 in dogs with congestive heart failure [16] .
In the present paper a whole genome microarray analysis was used for the first time to describe the transcription profile of peripheral blood nuclear cells in dogs with heart failure. The potential identification of any prognostic marker of canine cardiac disease would be of great importance since it may not only give new insight into the pathogenesis or staging of the disease but also help in the effective planning of treatment.
Results

The number of differentially expressed genes
Comparison of gene expression between all study groups (healthy dogs, ISACHC 1, ISACHC 2, ISACHC 3) revealed 4579 differentially expressed transcripts. Using the Tukey's HSD Post-hoc test it was possible to identify differentially expressed transcripts between individual study groups (Table 1) .
Heart failure specific and ISACHC stage specific genes The next step of our analysis was to identify heart-failurespecific genes. This means genes which were differentially expressed in all dogs with heart disease, despite the stage of the disease. The comparison between healthy and ISACHC 1 group revealed 426 differentially expressed transcripts; between healthy and ISACHC 2 dogs revealed 2964 differentially expressed transcripts and between healthy and ISACHC 3 dogs revealed 1170 differentially expressed transcripts. Among these three sets of differentially expressed genes there were 117 common transcripts. However, since some genes are represented on the array by more than one spot, we verified the consistency of differential expression in all the spots representing the same genes to eliminate false positive results. Moreover, the ontologies of all the transcripts are not known. Taking into consideration these two facts, a list of 71 heart -failurespecific genes of known ontologies was obtained ( Table 2) . The direction of changes in expression (up or down) of all 71 genes was the same in each disease stage. If a gene was down-regulated, this means that it was down regulated in all three comparisons (healthy vs ISACHC 1; healthy vs ISACHC 2; healthy vs ISACHC 3).
After identifying heart -failure -specific genes we applied the same approach to a selection of each stagespecific genes. The 83 genes specific for ISACHC class 1 were identified (data not shown). The list of ISACHC class 2 -specific genes was the longest and consisted on 1247 genes (data not shown). In cases of most advanced disease, ISACHC 3, the list of specific genes was 200 (data not shown). These four lists of genes were subjected to further analysis.
Pathways connected with differentially expressed genes
Next we examined the differentially regulated genes for enrichment in any known canonical pathway. For this purpose the Pathway Studio software was used. The most interesting results were obtained from analysis of the Ariadne Receptor Signaling Pathways. The results of this analysis are presented in Tables 3, 4 , 5, 6.
Real-time RT-PCR
To validate microarray data we selected three genes for Real-time PCR analysis (ACTA2, TIMP1, MMP8). The changes in the expression of these three genes measured using Real-time qPCR were similar to gene expression changes observed in the microarray studies (Figures 1, 2, 3 ).
Discussion
Heart failure in dogs does not occur as frequently as it does in humans and is mainly caused by two diseases, namely endocardiosis (also referred to as myxomatous valve disease or chronic degenerative valvular disease) and dilated cardiomyopathy. Both these diseases can lead to congestive heart failure and the associated clinical signs. Since the molecular background of these diseases, especially endocardiosis, is still far from fully elucidated, the search for any specific markers (prognostic, therapeutic) of this disease would be of great value.
In the present study we evaluated the transcriptomic profile of peripheral blood nuclear cells of dogs with different stages of heart disease. Since the whole analysis resulted in the huge number of differentially expressed transcripts (4579) we decided to identify two types of genes -1) genes differentially expressed in all affected dogs, despite the ISACHC stage (so called heart-failurespecific genes) and 2) genes differentially expressed in each of ISACHC stages (so called ISACHC stage-specific genes). This approach seems reasonable because if the gene is regulated in all patients with heart failure, despite the stage of the disease, it could be a potential marker of Table 2 The list of the differentially regulated heart-failure-specific genes in dogs with ISACHC heart failure (Continued) The list of heart-failure specific genes included 117 transcripts for which we were able to identify 71 specific genes. Among these genes we were able to identify three α-SMA genes which are considered as a markers of muscle cells. This phenomenon could suggest the presence of myofibroblasts (circulating fibroblasts) in the peripheral blood nuclear cells of dogs with heart failure. Similar observation has been recently published in humans with atrial fibrillation what could indicate that heart disease could be related with the presence of α-SMA containing cells in the blood [17] . However, α-SMA containing cells could also be of hematopoietic progenitor cells origin so their source in the blood of heart disease patients is still unclear [18] . Moreover, our results of flow cytometer analysis showed that the percentage of α-SMA positive cells in peripheral Table 5 Ariadne pathways based on ISACHC2-specific genes differentially regulated in dogs with ISACHC2 heart failure (Continued) blood mononuclear cells of three dogs with ISACHC class 2 heart failure was between 0.2-0.5% (Additional files 1, 2). Whether these cells could be a marker of heart disease remains a pure speculation. Other genes present among 71 heart failure specific genes have been previously related to heart failure or involved in heart disease development. Examples include matrix metallopeptidase 8 (MMP8) and TIMP metallopeptidase inhibitor 1 (TIMP1). It is known that remodelling of the extracellular matrix (ECM) occurs during heart failure and the matrix metalloproteinases and their tissue inhibitors are involved in this process [19] . Initially MMP-8 was considered to be only expressed in peripheral inflammatory cells, but its myocardial sources could be endogenous cell types such as mast cells [20] . The level of MMP8 is increased during left ventricular remodelling following myocardial infarction in rats [21] . Our study showed that the expression of MMP8 is increased in all Table 6 Ariadne pathways based on ISACHC3-specific genes differentially regulated in dogs with ISACHC3 heart failure study groups in comparison to healthy control dogs (over a 4 fold change). Moreover, these results were confirmed with Real-time PCR (Figure 2 ). The study conducted by Oyama and Chittur revealed that the expression of TIMP1 was over 4 times higher in dogs with endocardiosis than in healthy dogs [4] . Our results (both microarray and Real-time PCR) showed a similar tendency. Another gene identified as heart -failurespecific one was haptoglobin (HP). The expression of HP was higher (over 2.4 fold change) in diseased dogs than in control dogs. In humans the functional allelic polymorphism in the HP gene plays a key role in determining survival and presence of congestive heart failure after myocardial infarction [22] . However, it seems quite impossible that single gene expression could influence the complex processes of heart disease development. Rather relationships and interactions between differentially expressed genes could play a key role. In order to evaluate these possibilities we used the Pathway Studio software. This database gives the opportunity to find genes involved in different kinds of signalling pathways. Pathway Studio software can also group differentially expressed genes on the basis of their molecular function and biological processes in which they are involved. The genes differentially expressed with statistical significance identified as heart-failure-specific were involved in regulation of two canonical pathways, namely angiotensinR -> CREB/ ELK-SRF/TP53 signalling and ephrinR -> actin signalling. The first signalling pathway shows the relation between the expression of angiotensin receptors and CREB/ELK-SRF/TP53 transcription factors and indicates that the combined activation of CREB/ELK-SRF/TP53 leads to angiotensin receptor activation during the disease process. Serum response factor (SRF) is a transcription factor which regulates many immediate-early genes and is required for the appearance of beating sarcomeres in the heart [23] . SRF activates genes involved in smooth muscle differentiation and proliferation by recruiting muscle-restricted cofactors, such as ternary complex factors (TCFs) of the ETS-domain family, for example ELK-1 [24] . Changed expression of ELK-4 in peripheral blood nuclear cells in patients with refractory ischemic end-stage heart failure were also seen in our previous study [25] and Kuner et al. recognized ELK-4 as potential interaction partner necessary for creating network of regulatory genes in ischemic cardiomyopathy [26] . Since CREB/ELK-SRF/TP53 transcription factors target angiotensin receptors in dogs with heart failure, it clearly proves that the function of the failing heart is directly correlated with renal function and that in cases of heart disease we could observe changes in the function of reninangiotensin-aldosterone axis. Such a conclusion was also drawn from one of our previous studies in which we were able to identify that transcriptomic profile of peripheral blood nuclear cells in humans after acute heart failure is correlated with the creatinine (marker of kidney function) level in the blood [27] . Since the lists of genes specific for each heart failure stage were much longer than the list of heart-failurespecific genes we also ran the Pathway Studio analysis to obtain information on significantly regulated signalling pathways in each ISACHC stage (Tables 4, 5, 6 ). While analysing these results one has to remember that ISACHC 1 heart failure stage encompasses patients without clinical signs of heart disease, ISACHC 2 stage includes dogs with compensated clinical signs and ISACHC 3 stage includes dogs with uncompensated heart failure. Having this in mind one could conclude the very long list of differentially regulated genes as well as significantly regulated signalling pathways in ISACHC 2 patients is not only the results of heart disease but also the result of many different compensatory mechanisms which were triggered in order to restore homeostasis. On the other hand in ISACHC 3 patients, the majority of these mechanisms are no longer in place so the list of regulated genes and pathways is much shorter. Based on our results it could be concluded that for the ISACHC 1 group, the specific changes in the transcriptome include the regulation of protein tyrosine phosphatase kinase receptors, bradykinin receptor and tumor necrosis factor receptor. These changes seem to be rather unspecific for heart disease and probably reflect only the reaction of the body to progressed disease, not the progression of the disease itself. In case of ISACHC 2 specific genes and pathways the interpretation of the obtained results is complex but in our opinion it is worth to point out that in addition to the statistically significant regulation of many inflammatory pathways and growth factors, we also see changes in the regulation of transcription factors targeted at platelet-mediated mediators and PTAFR (platelet-activating factor receptor). Anti-platelet therapy is one of the standard approaches in the treatment of patients with heart failure in humans and the regulation of this receptor was also identified in our previous study on patients with end-stage ischemic heart failure [25] . Platelet-activating factor may play a critical role in the development of severe heart failure coupled with resulting multiple organ failure, as seen in the Munakata et al. study performed on dogs with left ventricular assistance post coronary ligation [28] . This study showed that it may also be beneficial for dogs with clinical signs of severe heart disease to receive some form of anti-platelet therapy.
In the pathways significantly regulated in ISACHC 3 patients, we were able to identify for the first time the presence of transcription factors targeting EGFR/ERBB2. The ErbB2(HER2)-dependent signalling pathway is involved in proper myocardium function, structure and contractility [29] [30] [31] . The ErbB2 (HER2) receptor is responsible for the activation of several transcription factors, including AP-1 (also in heart muscle hypertrophy) and nuclear factor kappa B (involved in the response to oxidative stress) [32] . It could play a key role in dilated cardiomyopathy prevention [33] . In mice with ErbB2 gene deletion a gradual development of systolic myocardial dysfunction has been observed, occurring with myocardium thinning and heart ventricles distension [34] . In mice the binding of neuregulin-1 (NRG-1) to the HER2 receptor is cardioprotective [35] . Since there is no data in the literature in this field obtained from dogs, we could only speculate that the regulation of ErbB2 signalling pathway in dogs with ISACHC 3 heart failure could be the feature of end-stage heart failure also in this species. But this observation requires further investigation.
Conclusions
The transcriptomic profile of peripheral blood nuclear cells in dogs with heart failure seems to reflect the presence of clinical signs of the disease in patients. Such a conclusion could be drawn from the observation that the longest list of differentially expressed genes as well as signalling pathways were identified in ISACHC 2 group of patients, those first to show clinical signs of heart failure. The development of heart failure in dogs results in changed expression of genes involved in the regulation of the renin-angiotensin-aldosterone axis in peripheral blood nuclear cells whereas end-stage heart failure could be reflected by activation of transcription factors targeting at the ErbB2 receptor. Table 7 .
Methods
Animals
Statistical analyses of clinical parameters were performed using GraphPad Prism version 5.00 (GraphPad Software, Inc., USA).
Clinical and laboratory examinations
The clinical and laboratory examinations included: complete physical examination, including thoracic auscultation, assessment of dyspnoea, cough, heart rate, presence of heart murmurs, mucosal membrane colour, pulse, palpation of thorax and abdomen as well as additional cardiologic examinations: echocardiography, electrocardiography (I, II,III, aVL, aVF and aVR leads) in dogs with arrhythmias, radiography in dogs with suspicion of congestive heart failure, and blood pressure measurement (Doppler method). All of above mentioned examinations were carried out by one clinician from the Cardiology Service of Small Animal Clinic at Faculty of Veterinary Medicine. The blood morphology and biochemistry analyses were conducted in the Laboratory of Small Animal Clinic.
All examinations were performed at rest without pharmacological restraint. A transthoracic echocardiographic (TTE) examination was performed in all dogs with an Aloka 4000 ultrasound machine equipped with a cardiology programs and 2.5 -7-megahertz (mHz) sector transducers. Electrocardiographic examination (leads I, II, III, aVL, aVF and aVR) were performed with a BTL-08 MD machine. Radiological examination of the chest were performed with the G&E Prestige II X-ray machine. The blood samples for the transcription profile analysis were collected from client-owned dogs during routine veterinary examinations.
RNA isolation, validation, labelling, and hybridization
Blood samples were drawn from the cephalic or jugular veins and collected in Rneasy Protect Animal Blood Tubes (Qiagen, USA). Total RNA from peripheral blood nuclear cells was isolated using a Rneasy Protect Animal Blood Kit (Qiagen, USA). Isolated RNA samples were dissolved in 30 μl of REB Buffer from the test kit. Next the RNA quantity was measured spectrophotometrically using a NanoDrop (NanoDrop Technologies, USA). The analysis of final RNA quality and integrity was performed with a BioAnalyzer (Agilent, USA). To ensure optimal data quality, only RNA samples with RIN number ≥7.5 were included in the analysis.
The analysis of gene-expression profile was performed using Canine (V2) Gene Expression Microarray, 4x44K (Agilent Technologies, USA). Each slide contained 4 microarrays representing about 45000 canine predicted mRNAs. The Quick Amp Labeling Kit (Agilent, USA) was used to amplify and label target RNA to generate complementary RNA (cRNA) for oligo microarrays used in gene expression profiling. Experiment was performed using a common reference design, where the common reference was a pool of equal amounts of RNA from 10 healthy dogs. On each two-color microarrays, we hybridized 825 ng of cRNA from the pool (labelled Cy3) and 825 ng of cRNA (labelled Cy5). In total we ran 52 microarrays -one for each patient. Microarray hybridization was performed with the Gene Expression Hybridization Kit (Agilent Technologies, USA), according to the manufacturer's protocols. RNA Spike In Kit (Agilent Technologies, USA) was used as an internal control. Acquisition and analysis of hybridization intensities were performed using the Agilent DNA microarray scanner.
Signal detection and statistical analysis
Data were extracted and background subtracted using the standard procedures contained in the Agilent Feature Extraction (FE) Software version 10.7.3.1. FE performs a Lowess normalization. The statistical analysis was performed using Gene Spring 12 software (Agilent, USA). The samples underwent quality control and the results showed that each sample had a similar QC metric profile. The next step was filtering probesets by flags to remove poor quality probes (absent flags). The statistical significance of the differences was evaluated using a oneway ANOVA and Tukey's HSD Post-hoc test (p < 0.05). A multiple testing correction was performed using Benjamini and Hochberg False Discovery Rate (FDR) < 5%. Microarray data were deposited at the Gene Expression Omnibus data repository under the number GSE48319 and followed MIAME requirements.
To identify signalling pathways and gene function the microarray data was analyzed using Pathway Studio 9.0 (Ariadne Genomics). This is a database consisting of millions of individually modelled relationships between proteins, genes, complexes, cells, tissues, drugs and diseases [36] .
Real-time RT-PCR
To verify microarray results on the expressions of ACTA2 (the gene for the actin, alpha 2, smooth muscle, aorta), MMP8 (the gene for the matrix metallopeptidase 8 (neutrophil collagenase)), TIMP1 (the gene for the TIMP metallopeptidase inhibitor 1) were checked by real-time RT-PCR. The sequences of these genes were obtained from the Ensembl database. Primers were designed using Primer-Blast software (NCBI database) and then checked for secondary structures using Oligo Calculator (free online access). The secondary structures of the amplicon were examined using the mfold Web Server (free on-line access). GAPDH was used as a house keeping gene [37] . The sequences of the primers are listed in Table 8 .
cDNA was synthesized using the Enhanced Avian HS RT-PCR Kit (Sigma-Aldrich, St. Louis, Missouri). All analyses were performed on individual samples of total RNA using a LightCycler FastStart DNA Master SYBR Green I kit (Roche Diagnostics GmBH, Germany) as follows: Mg 2+ was added to a final concentration of 3 mM; pre-incubation at 95°C for 10 minutes; amplification (40 cycles) including denaturation at 95°C for 10 seconds, annealing -temperature and time specified in Table 8 ; melting curve including denaturation at 95°C for 0 seconds, annealing at 65°C for 15 seconds, continuous melting at 95°C for 0 seconds (slope = 0.1°C/s); cooling 
